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 Oysters are vital to the health of estuarine ecosystems and provide critical ecosystem 
services, such as water quality improvement, nursery habitat for commercially important 
fisheries, and shoreline stabilization. Despite their ecological and economic importance, oyster 
reefs are exposed to many stressors, and oyster populations in Mississippi have declined 
dramatically in recent years. The present study focuses on the effects of hypoxia and tributyltin 
(TBT) on the Eastern oyster, Crassostrea virginica. Hypoxic events are increasingly common in 
coastal ecosystems worldwide, and TBT is a legacy toxicant once used as an antifoulant. The 
effects of these stressors were assessed on adult oysters deployed in the Mississippi Sound, 
where they experienced a natural hypoxic event, and in the laboratory, where oysters were 
exposed to either hypoxia or TBT alone or to a combination of the stressors (hypoxia+TBT). 
Effects were quantified through the measurement of mRNA expression of HIF1-α as a marker of 
hypoxic stress, Tβ-4 to evaluate immunosuppression, and CvPPAR-δ to assess its expression 
after TBT exposure. Physiological parameters, including hemocyte counts, clearance rates, and 
oxygen consumption rates, were measured to evaluate how these stressors impact important life 
sustaining functions. Exposure to a natural hypoxic event for nine days up-regulated mRNA 
expression of HIF1-α and Tβ-4, while CvPPAR-δ was significantly down-regulated and no 
effects on physiological parameters were observed. In the lab, oysters exposed to both hypoxia 
alone and hypoxia+TBT showed significant up-regulation of HIF1- α and down-regulation of 
Tβ-4 mRNA expression on days 8 and 12, however, physiological functions were relatively 
unaffected. CvPPAR-δ mRNA expression was down-regulated under exposure to TBT, hypoxia, 
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and the combined treatments, indicating that this nuclear receptor pathway is responsive to these 
stressors. Findings from the study indicate potential for immunosuppression as a result of 
combined stressors, which could increase oyster vulnerability to pathogens. Additionally, a field 
study was performed during April-September 2019 to assess the effects of an extremely low 
salinity event due to dual openings of the Bonnet Carré Spillway (BCS) on oyster mortality. Two 
months following the second closing of the BCS, oyster mortality was 100% at five oyster reefs 














I would like to express my deep gratitude to Dr. Deborah Gochfeld for her constant 
support, advice, and reassurance throughout these projects. And also, to Dr. Marc Slattery, for 
his continual guidance and keeping my dive log current. Thank you both for giving me 
invaluable experiences during my time as your student. I would also like to thank Dr. Kristine 
Willett for her support, expertise, and good humor during these projects.  
Special thanks to Dr. Robert J. Griffitt for giving me the opportunity to use his brilliant 
exposure laboratory; Beth Jones and Jeremy Johnson for help with the exposure; Jeremy Higgs 
and Ben Dosher for use of holding tanks and aid in deployment; Drs. Chet Rakocinski and Kelly 
Darnell for providing lab space (GCRL); Scott Rikard at the Auburn Shellfish Lab for providing 
oysters; Dr. Tom Soniat at UNO for his expertise in Dermo analysis; Jonathan Harris for boating 
us all over the Mississippi Sound (MSU).  
Thanks to my family, friends, and colleagues, namely: James Gledhill, Dr. Zacharias 
Pandelides, Amelia Clayshulte, Jarett Bell, and Austin Scircle.  
This project was paid for with Federal funding through the U. S. Department of the 
Treasury and the Mississippi Department of Environmental Quality under the Resources and 
Ecosystems Sustainability, Tourist Opportunities, and Revived Economies of the Gulf Coast 
States Act of 2012 (RESTORE Act). The statements, findings, conclusions, and 
recommendations are those of the authors and do not necessarily reflect the views of the 
Department of the Treasury. This project was also funded by the Society of Environmental 
Toxicology and Chemistry through a Student Training Exchange Opportunity Award. 
 v 
TABLE OF CONTENTS 
ABSTRACT………………………………………………………………………………………ii 
ACKNOWLEDGMENTS………………………………………………………………………..iv 
LIST OF FIGURES……………………………………………………………………………..viii 
LIST OF TABLES………………………………………………………………………………...x 
CHAPTER 1 INTRODUCTION………………………………………………………………….1 
1.1 OYSTER REEFS……………………………………………………………………...1 
1.1.1 OYSTER REEF IMPORTANCE…………………………………………1 
1.1.2 OYSTER REEF DECLINE……………………………………...………..2 
1.2 STRESSORS AFFECTING ESTUARIES……………………………...…………….2 
1.2.1 ENVIRONMENTAL STRESSORS………………………………………3 
1.2.1.1 HYPOXIA…………………………………………………………3 
1.2.1.2 SALINITY……………………………………...…………………4 
1.2.1.3 OCEAN ACIDIFICATION……………………………………….5 
1.2.2 CONTAMINANTS AS STRESSORS……………………………………6 
1.3 COMBINATIONS OF STRESSORS……………………………………...………….7 
1.4 OYSTER REEFS IN THE MISSISSIPPI SOUND…………………………………...9 
1.4.1 HISTORIC AND RECENT STATUS…………………………………….9 
1.4.2 WATER QUALITY CONDITIONS……………………...9 
1.5 STUDY APPROACH AND HYPOTHESES………………………………………..11 
CHAPTER 2 MATERIALS AND METHODS……………………………………...………….13 
 vi 
 2.1 OYSTER COLLECTION AND MAINTENANCE ………………………………...13 
 2.2 2018 SUMMER FIELD DEPLOYMENT…………………………………………...13 
 2.3 LABORATORY EXPERIMENTAL DESIGN……………………………………...14 
  2.3.1 LABORATORY EXPOSURE SYSTEM………………………………….14 
  2.3.2 LABORATORY EXPOSURE EXPERIMENT…………………………...15 
 2.4 mRNA EXPRESSION – RT-QPCR…………………………………………………16 
 2.5 TOTAL HEMOCYTE COUNTS……………………………………………………17 
 2.6 CLEARANCE RATE ASSAYS……………………………………………………..18 
 2.7 OXYGEN CONSUMPTION RATES……………………………………………….18 
 2.8 2019 FIELD DEPLOYMENT……………………………………………………….19 
 2.9 DATA ANALYSIS…………………………………………………………………..22 
CHAPTER 3 RESULTS……………………………………...………………………………….24 
 3.1 2018 SUMMER FIELD DEPLOYMENT…………………………………………...24 
  3.1.1 IN SITU WATER QUALITY DATA……………………………………...24 
  3.1.2 mRNA EXPRESSION……………………………………………………..24 
  3.1.3 HEMOCYTE COUNTS…………………………………………………...25 
  3.1.4 CLEARANCE RATES…………………………………………………….25 
 3.2 LABORATORY EXPERIMENT……………………………………………………28 
  3.2.1 mRNA EXPRESSION……………………………………………………..28 
  3.2.2 HEMOCYTE COUNTS…………………………………………………...29 
  3.2.3 CLEARANCE RATES…………………………………………………….29 
 vii 
  3.2.4 OXYGEN CONSUMPTION RATES……………………………………30 
  3.2.5 MORTALITY……………………………………………………………...30 
 3.3 2019 FIELD DEPLOYMENT……………………………………………………….37 
  3.3.1 IN SITU WATER QUALITY DATA……………………………………...37 
   3.3.1.1 NO REEF – CONTROL SITE…………………………………...37 
   3.3.1.2 TNC BAY ST. LOUIS REEF……………………………………40 
   3.3.1.3 ST. STANISLAUS REEF………………………………………..44 
   3.3.1.4 WAVELAND REEF……………………………………………..46 
   3.3.1.5 HENDERSON POINT REEF……………………………………48 
   3.3.1.6 KITTIWAKE REEF……………………………………………..50 
  3.3.2 SENSOR PLATFORM OYSTER MORTALITY………..………………..51  
  3.3.3 NATIVE OYSTER POPULATION DENSITY…………………………...53 
CHAPTER 4 DISCUSSION……………………………………………………………………..56 
 4.1 LABORATORY EXPERIMENT AND 2018 SUMMER FIELD 
DEPLOYMENT…………………………………………………………………………………56 
 4.2 2019 FIELD DEPLOYMENT……………………………………………………….63 





LIST OF FIGURES 
1. Experimental design of laboratory equipment………………………………………………17 
2. Timeline of oyster sensor platform deployment, monitoring, and openings of the Bonnet Carré 
Spillway………………………………………………………………………………………….21 
3. Map of 2019 field deployment sites…………………………………………………………...22 
4. In situ dissolved oxygen and salinity measured during 2018 field deployment………………26 
5. mRNA expression of HIF1-α, Tβ-4, and CvPPAR-d in field deployed oysters, 2018………..27 
6. mRNA expression of HIF1-α, Tβ-4, and CvPPAR-d in oysters sampled from 2018 laboratory 
experiment………………………………………………………………………………………..31 
7. Physiological responses of oysters sampled in 2018 laboratory experiment………………….32 
8. Percent mortality of oysters in 2018 laboratory experiment…………………………………..33 
9. In situ salinity, dissolved oxygen, and temperature measured at Back Bay St. Louis, 2019….39 
10. In situ salinity and temperature measured at TNC Bay St. Louis Reef, 2019……………….41 
11. Average weekly salinity measured in situ at TNC Bay St. Louis Reef, 2019……………….42 
12. In situ dissolved oxygen and temperature measured at TNC Bay. St. Louis Reef, 2019……43 
13. In situ pH measured at TNC Bay St. Louis Reef, 2019……………………………………...44 
14. In situ salinity, dissolved oxygen, and temperature measured at St. Stanislaus Reef, 2019…45 
15. In situ salinity, dissolved oxygen, and temperature measured at Waveland Reef, 2019…….47 
16. In situ salinity, dissolved oxygen, and temperature measured at Henderson Point Reef, 
2019………………………………………………………………………………………………49 
17. In situ salinity, dissolved oxygen, and temperature measured at Kittiwake Reef, 2019…….51 
 ix 
18. Number of live or dead adults or spat from natural oyster reefs…………………………….54 
19. Native oyster population density at each of five reef sites in the Mississippi Sound………..55 
20. mRNA expression of HSP-70 in oysters sampled from 2018 laboratory experiment……….86 



















LIST OF TABLES 
1. RT-qPCR primers used in laboratory and field deployment experiments…………………….17 
2. Results from 2-way ANOVAs on data from 2018 laboratory experiment……………………34 
3A-D. Results of pairwise post-hoc tests for time x treatment interactions from 2-way ANOVAs 
for 2018 laboratory experiment………………………………………………………………….35 
4. Results of pairwise post-hoc tests for significant main effects from 2-way ANOVAs for 2018 
laboratory experiment……………………………………………………………………………36 
5. Water quality parameters measured by handheld YSI meter at each of six sites in the 
Mississippi Sound, 2019…………………………………………………………………………38 













LIST OF ABBREVIATIONS 
ANOVA Analysis of variance 
BCS  Bonnet Carré Spillway 
CvPPAR-d Crassostrea virginica peroxisome proliferator-activated receptor-delta 
DO  Dissolved oxygen 
GCRL  Gulf Coast Research Laboratory 
GoM  Gulf of Mexico 
HAB  Harmful algal bloom 
HIF1-α hypoxia inducible factor 1-alpha 
L  Liter 
L/h  Liters per hour 
MDMR Mississippi Department of Marine Resources 
mg/L  milligrams per liter 
MSU  Mississippi State University 
ng/L  nanograms per liter 
NOAA  National Oceanic and Atmospheric Administration 
OA  Ocean acidification 
PPAR  peroxisome proliferator-activated receptor 
ppm  parts per million 
ppt  parts per thousand 
RXR  retinoid-x-receptor 
 xii 
SEM  standard error of the mean 
TBT  Tributyltin 
TB-4  thymosin beta-4 
TNC  The Nature Conservancy 
UNO  University of New Orleans 
USM  University of Southern Mississippi 






CHAPTER 1 INTRODUCTION 
1.1 OYSTER REEFS 
1.1.1 OYSTER REEF IMPORTANCE 
Oyster reefs are natural components of many estuaries, especially along the Eastern 
seaboard of the United States (Volety et al., 2014). Oysters are foundational ecosystem engineers 
that supply essential services vital to the health of many estuarine ecosystems worldwide 
(Gutiérrez et al., 2003; Tunnell, 2017). Oysters are capable of clearing phytoplankton, bacteria, 
detritus, and even contaminants from water through filter feeding, thus enhancing water clarity 
and quality (Volety et al., 2014). Many species of mobile crustaceans and juvenile fish take 
refuge in the three dimensional structure of oyster reefs, feeding on polychaetes, other 
crustaceans, and on the oysters themselves (Harding & Mann, 2001; Grabowski et al., 2012; 
Volety et al., 2014). The crucial nursery habitat provided by oyster reefs enhances the production 
of economically important fisheries populations and is critical to the success of many coastal 
communities (Beck et al., 2011; Grabowski et al., 2012). Oyster reefs also provide coastlines 
with protection from shoreline erosion and boat wake mitigation, and more recently have been 
found to modulate salinities over expansive estuarine areas by freshwater detention (Volety et 
al., 2014; Kaplan et al., 2016). Grabowski et al. (2012) estimated that, depending on the location 
and scale of services provided, a healthy oyster reef can be monetarily valued at a range of 
$10,000 to $99,421 per hectare of reef. 
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1.1.2 OYSTER REEF DECLINE 
Despite the ecological and economic importance of oyster reefs, oyster populations have 
declined dramatically in recent years. It is estimated that oyster populations have suffered losses 
of approximately 85% worldwide, classifying oyster reefs as one of the most heavily impacted 
ecosystems in the world, next to mangrove and saltmarsh habitats (Beck et al., 2011). Extensive 
restoration efforts are currently underway to restore oyster reefs in the Gulf of Mexico (GoM) 
and other areas of the United States, where these ecosystems once flourished. However, the 
success of these restoration efforts has lagged far behind that of other estuarine ecosystems 
(Grabowski et al., 2012). Historically, overharvesting played a significant role in the decline of 
oyster populations (Jackson et al., 2001), but oyster reef recovery and resilience are also limited 
by poor water quality, disease, and predation (Lemasson et al. , 2017; Overstreet & Hawkins, 
2017). In addition, environmental contaminants (e.g., metals, pharmaceuticals, agricultural 
runoff) have the potential to bioaccumulate in these filter-feeding organisms, negatively 
impacting their health (Lewis, 2008; Lau et al., 2018).  
 
1.2 STRESSORS AFFECTING ESTUARIES 
Due to their proximity to land and sources of freshwater influx, estuaries often experience 
high variance and fluctuations in environmental conditions, such as dissolved oxygen (DO), 
temperature, and salinity (Ko et al., 2014; Tweedley et al., 2015; Pusack et al., 2019). Not only 
are natural abiotic conditions important to survival in an estuarine environment, but there are 
many anthropogenic threats to these ecosystems, such as biological invasions, factors associated 
with climate change (e.g., sea level rise, increased CO2 concentrations and temperatures), 
eutrophication, habitat disturbance, marsh reclamation, and pollution (Barbier et al., 2011). The 
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complexity of estuarine systems often results in native organisms facing combinations of 
stressors simultaneously, and these can have greater detrimental effects than each stressor 
independently (Ko et al., 2014; Gamain et al., 2016).   
 
1.2.1 ENVIRONMENTAL STRESSORS 
1.2.1.1 HYPOXIA 
In recent decades, there have been increasing incidences of hypoxia negatively impacting 
estuarine environments (Breitburg et al., 2018). Occurrence of hypoxia, or low oxygen, is 
generally described as a DO concentration below 2 mg/L (Rabalais et al., 2006; Vaquer-Sunyer 
& Duarte, 2008). Hypoxia usually occurs when biological oxygen consumption exceeds the rate 
of oxygen supplied to the water through physical transport (e.g., wave action, air-sea fluxes) or 
photosynthesis, for a prolonged period of time (Breitburg et al., 2018). Eutrophication is an 
indirect cause of hypoxia, occurring when excess nutrients from sewage and agricultural runoff 
result in the production of algal blooms. These blooms enhance primary and secondary 
production in surface waters, thus increasing the amount of organic matter falling to the benthos, 
where microbes rapidly consume oxygen through aerobic respiration (Breitburg et al., 2018). 
Benthic organisms are especially vulnerable to hypoxia because coastal sediments are usually 
depleted of oxygen relative to the water column, they live farthest from contact with atmospheric 
oxygen (Vaquer-Sunyer & Duarte, 2008), and they are unable to move to escape hypoxic 
conditions. Long-term hypoxic events can kill large numbers of marine organisms, including 
oysters, but even short-term hypoxic events can cause detrimental sub-lethal impacts to oysters 
such as lowered fecundity, growth rates, and immunosuppression, particularly at early life 
history stages (Baker & Mann, 1992; Shumway, 1996; Johnson et al., 2009; Sui et al., 2016).  
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Hypoxia also negatively impacts the microbiomes of adult oysters, affecting their energy 
dynamics and increasing their vulnerability to pathogens (Khan et al., 2018). Coastal hypoxia is 
expected to increase with projected global temperature increases, as the potential for oxygen 
saturation in water is reduced at higher temperature (Khan et al., 2018). 
 
1.2.1.2 SALINITY 
 Estuaries often experience large fluctuations in salinity due to their proximity to river 
inputs (Pusack et al., 2019). Variability in salinity can impact oyster reproductive efforts, feeding 
ability, larval recruitment and settlement, and can increase parasitism and predation on oysters 
(La Peyre et al., 2003; Pollack et al., 2011; Pusack et al., 2019). Low salinity negatively impacts 
most marine organisms, usually decreasing growth rates and increasing mortalities, depending on 
their ability to regulate their internal osmolarity (Lavaud et al., 2017). When salinity begins to 
drop, the first response of an oyster is the closure of valves, but this also prevents the animal 
from feeding (McFarland et al., 2013). Low salinity is often associated with decreases in 
phytoplankton abundance and changes in phytoplankton community structure, usually resulting 
in more toxic or undesirable species such as cyanobacteria, so that even when oysters eventually 
open their valves to feed, high quality food may be less available (Riekenberg et al., 2015). Low 
salinity events have been associated with reduced oyster abundance, body condition, spat 
settlement, filtration rates, and disease levels (Heilmayer et al., 2008; Pollack et al., 2011). 
Although there are many short-term negative health effects of low salinity on oysters, there are 
some benefits in regard to predation and disease. Oyster drills and stone crabs are oyster 
predators that prefer higher salinities, which causes their populations to increase (Volety et al., 
2014; Pusack et al., 2019). Likewise, higher prevalence of Dermo disease is associated with 
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higher salinities (Pusack et al., 2019). Thus, low salinity decreases the rate of predation and 
parasitism of oysters and increases mortality in oyster drills (Salewski & Proffitt, 2016; Pusack 
et al., 2019). Variability in precipitation and flooding is expected to increase with climate 
change, which will likely influence salinities in estuaries (Cheng et al., 2017). 
 
1.2.1.3 OCEAN ACIDIFICATION 
Since the 1700s, oceans have absorbed approximately 30% of anthropogenic atmospheric 
CO2 emissions, altering carbonate chemistry by decreasing the amount of carbonate ions and 
progressively increasing H+ and dissolved CO2 in the water, resulting in lower pH, or ocean 
acidification (OA) (Ekstrom et al., 2015; Lemasson et al., 2017). Anthropogenic eutrophication, 
upwelling of low alkaline waters, and river discharge can temporarily increase OA in coastal 
waters, making estuaries particularly vulnerable ecosystems (Ekstrom et al., 2015). Low pH 
reduces the availability of calcium carbonate in aquatic systems (Keppel et al., 2016), and 
heavily calcified marine organisms, such as corals, crustaceans and bivalves, are most negatively 
impacted by OA (Kroeker et al., 2013). At early life stages of oysters, OA is shown to induce 
abnormal development, including stunted growth and reduced shell development, and reduced 
larval motility, which negatively impacts fertilization, recruitment and settlement success 
(Hettinger et al., 2013; Kroeker et al., 2013; Lemasson et al., 2017). Even when exposed to a 
high food environment, Olympia oyster (Ostrea lurida) larvae could not counteract the effects of 
simultaneous exposure to low pH (Hettinger et al., 2013). While fewer studies have addressed 
the effects of OA on adult oysters, those exposed to low pH experience reduced calcification, 
which leads to decreased growth, shell weight, strength and density, as well as increased shell 
dissolution and mortality (Lemasson et al., 2017). OA also negatively impacts the immune 
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function of adult Pacific oysters (Crassostrea gigas), resulting in increased apoptosis of 
hemocytes and production of reactive oxygen species (Wang et al., 2016). The expansive 
structure of oyster reefs can suffer degradation under OA conditions, which can lead to 
cascading effects on the ecosystem, such as loss of biodiversity, reduced water quality, and loss 
of coastal protection (Rossoll et al., 2012). Unless there are significant reductions in 
anthropogenic CO2 emissions, the concentration of surface ocean H+ is predicted to increase 
150% by the year 2100 (Stocker et al., 2013). Under such conditions, the fate of calcareous-rich 
oyster reefs is uncertain. 
 
1.2.2 CONTAMINANTS AS STRESSORS 
 Runoff and effluent from agricultural practices, suburban housing, golf courses, and 
industrial complexes are common in coastal areas and usually end up in estuarine ecosystems 
(Volety, 2008; Garduño Ruiz et al., 2016). Pollutants, such as pesticides, metals, and 
pharmaceuticals, have the potential to bioaccumulate in marine organisms (Widdows et al.,1995; 
Fisher et al., 1999; Volety et al., 2014). Among these contaminants, trace metals are most 
widespread in their environmental distribution, released by industrial and domestic effluents or 
through chemical and physical weathering, and can be attributed to water quality degradation, 
and loss of suitable habitat and fisheries populations, including oysters (Volety, 2008; Gamain et 
al., 2016; Garduño Ruiz et al., 2016). Toxic metal exposure negatively impacts oyster egg 
production, larval growth, and even shows maternal transfer into eggs from oysters at metal-
contaminated sites (Weng & Wang, 2017).  
Tributyltin (TBT), an organotin once universally used as an antifouling paint on ships, is now 
known to have widespread toxic effects on non-target marine organisms, in addition to the 
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targeted biofouling communities (Antizar-Ladislao, 2008). The widespread use of TBT was 
based on its biocidal activity, particularly against barnacles, mussels, and other molluscs, and it 
is now known to be one of the most toxic pollutants to early life stages of bivalves (Champ & 
Seligman, 1997; His et al., 1999). While not generally lethal to adult oysters, TBT can increase 
their susceptibility to calcification anomalies, disease and imposex, an irreversible disorder in 
which females develop non-functioning male sex organs, resulting in reproductive failure (Fisher 
et al., 1999; Lagadic et al., 2018; Schøyen et al., 2019). Effects of TBT can be compounded in 
the presence of other environmental stressors. For example, at sub-lethal concentrations of TBT, 
oysters experienced increased TBT bioaccumulation and mortality when also exposed to hypoxic 
conditions (Anderson et al., 1998). The use of TBT as an anti-fouling biocide paint was banned 
by the International Maritime Organization in 2003, and its general use was banned globally in 
2008 (Antizar-Ladislao, 2008; Matthiessen, 2013; Jokšas et al., 2019). Enforcement against its 
use is not universal and TBT can persist in marine sediments for many decades under anaerobic 
conditions, with the potential for resuspension (Antizar-Ladislao, 2008; Lagadic et al., 2018). 
Hurricanes and coastal infrastructure development, such as port expansions, can facilitate 
resuspension of nearshore TBT-contaminated sediments. As recently as 2017, butyltin 
concentrations ranged from 16.6 - 25.8 ng/g dry weight of TBT in oyster tissues collected from 
the Mississippi Sound (A. Mason, personal communication).  
 
1.3 COMBINATIONS OF STRESSORS 
Due to the complex nature of environmental conditions and anthropogenic impacts in 
estuaries, organisms are often exposed to multiple stressors in concert. The indirect effects of 
simultaneous exposure to multiple stressors may be to exacerbate the net effects of a particular 
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stressor (Aber et al., 2001). Some stressors are mechanistically linked to others, such as salinity, 
temperature and DO. Increased salinity and temperatures decrease the solubility of oxygen, and 
higher temperatures elevate the oxygen demands of marine organisms while simultaneously 
reducing DO, further expanding zones of hypoxia (Gobler & Baumann, 2016; Keppel et al., 
2016). Global warming is predicted to amplify oxygen depletion, making coastal regions 
particularly vulnerable to hypoxia; trends recorded up to 2015 show that ocean heat and oxygen 
content are highly correlated, with sharp elevations in temperature and deoxygenation beginning 
in the 1980s (Ito et al., 2017; Breitburg et al., 2018). Furthermore, increases in respiration rates 
can foster conditions for OA, as CO2 is a by-product of respiration (Farrell, 2016; Gobler & 
Baumann, 2016). Decreased food availability under OA conditions may reduce larval growth and 
weights, while OA combined with hypoxia also negatively impacts metamorphosis of larval 
bivalves (Gobler & Baumann, 2016; Hettinger et al., 2013).  Low pH combined with low salinity 
further reduces the availability of calcite, reducing growth in calcifying organisms, such as 
oysters (Keppel et al., 2016). Low salinity and increased temperature reduce the body condition 
index of adult oysters (Heilmayer et al., 2008). Not only are simultaneous environmental 
stressors present on the reef, but the toxicity of certain contaminants can be exacerbated under 
altered environmental conditions. Both anti-fouling copper and metachlor, a potent pesticide, 
exhibit increased toxicity to oyster embryos under decreasing salinity (Gamain et al., 2016a). 
Under exposure to both TBT and hypoxic conditions, oysters experienced higher mortality, 





1.4 OYSTER REEFS IN THE MISSISSIPPI SOUND 
1.4.1 HISTORIC AND RECENT STATUS 
 Oyster reefs in the Mississippi Sound have suffered dramatic declines in the past decade. 
While oyster landings totaled nearly 500,000 sacks (approximately 100 oysters per sack) in the 
2003 – 2004 season, harvest was halted altogether when Hurricane Katrina hit the Gulf Coast in 
August 2005 (Mississippi Department of Marine Resources, 2017). Landings rebounded to 
around 300,000 sacks by 2009, but were quickly diminished again following the Deepwater 
Horizon Oil Spill in April 2010. Since 2010, harvests have remained below 100,000 sacks per 
year. The Mississippi Department of Marine Resources limited the harvest to just 10,000 sacks in 
2017 (Mississippi Department of Marine Resources, 2017).  
 
1.4.2 WATER QUALITY CONDITIONS  
 The Mississippi Sound is a primarily estuarine environment that receives freshwater input 
from several natural sources. In the central and eastern portions of the Sound, there is outflow 
from Mobile Bay and the Pascagoula River. In the western portion, the Bay of St. Louis receives 
freshwater input from both the Jourdan and Wolf Rivers, and the Pearl and Mississippi Rivers 
drain into the GoM. Excess nutrients from agricultural runoff, mainly from the Mississippi River, 
drain into the Western GoM and cause coastal hypoxia from eutrophication. During warm 
summer months, this portion of the GoM is usually referred to as a “dead zone”, where hypoxic 
conditions are expansive, long-lasting, and unable to harbor much marine life (Morton, 2019).  
 The Mississippi Sound has also occasionally received freshwater input from openings of 
the Bonnet Carré Spillway (BCS), a flood control structure constructed in 1931 at the end of the 
Mississippi River system that lessens the threat of flooding in the New Orleans, Louisiana area 
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by diverting a portion of the river flow into Lake Pontchartrain, LA when opened (Lane et al., 
2001). Before 2008, the BCS had been opened only eight times during high water events, but the 
openings have become more frequent as increased precipitation and subsequent flooding has 
threatened the areas surrounding the lower Mississippi River. However, more recently, the BCS 
has been opened during spring and summer months of 2008 (31 days), 2011 (42 days), 2016 (22 
days), 2018 (30 days), and twice in 2019 (44 and 77 days) (US Army Corps of Engineers, New 
Orleans District, 2019). The openings in 2019 represent the first time in history that the spillway 
has been opened for two years in a row (2018 and 2019), and twice in one year (2019).  
While there are clear reasons to divert overflow of freshwater into Lake Pontchartrain 
and away from residential areas of Louisiana, there are severe negative impacts to coastal 
ecosystems that arise once large amounts of freshwater enter the Mississippi Sound. Studies of 
water quality following the 2008 and 2011 openings of the BCS found frequent development of 
bottom water hypoxia in Mississippi coastal waters (Ho et al., 2019). Increased incidences of 
Vibrio cholerae, a potentially deadly human pathogen endemic to coastal waters that causes the 
disease cholera and favors low salinity, were confirmed in Mississippi waters following the 2011 
opening of the BCS (Griffitt and Grimes, 2013). According to economic assessments and 
recovery models, commercial oyster harvest landings in Mississippi were estimated to have 
suffered $21.8 – 46 million in losses following the 2011 BCS opening (Posadas and Posadas, 
2017). Following the 1997 opening of the BCS, an expansive harmful algal bloom (HAB) of 
Anabaena circinalis and Microcystis aeruginosa persisted for approximately two months in Lake 
Pontchartrain after closing of the spillway, resulting in extensive fish kills, which also caused 
hypoxia due to decomposition (Lane et al., 2001). More recently, after closing the BCS in late 
July 2019, water contact warnings were issued for 25 segments of beach along the Mississippi 
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Gulf Coast due to a cyanobacterial HAB that contained a microcystin toxin (MDEQ, 2019). 
These warnings continued into October 2019. Threats of exposure included both recreational 
water activity and consuming contaminated seafood. Freshwater intrusion following the 2019 
BCS openings has severely impacted marine life in the Mississippi Sound. The National Oceanic 
and Atmospheric Administration (NOAA) Fisheries Division declared an Unusual Mortality 
Event for common bottlenose dolphins throughout the Northern GoM; at least 260 strandings 
were confirmed before July 2019, with necropsies showing skin lesions consistent with 
freshwater exposure (NOAA Fisheries, 2019). Commercially valuable fisheries species such as 
brown shrimp suffered 82% decline in landings, while the loss of blue crab landings was 
estimated to be over 50% in Hancock County, MS (Spraggins, 2019). Mississippi oyster farmers 
have reported mortality rates of up to 90% or higher in their oyster beds and oyster mortality in 
the Mississippi Sound as a whole was estimated to be greater than 95% (Lee, 2019; Spraggins, 
2019).  
 
1.5 STUDY APPROACH AND HYPOTHESES 
The present study assesses the effects of hypoxia in the presence and absence of TBT on 
the Eastern oyster, Crassostrea virginica, in two contexts: (1) a field deployment in the 
Mississippi Sound, during which oysters experienced a natural hypoxic event, and (2) a lab-
based exposure to hypoxia, TBT, and both stressors in combination. In addition to mortality, 
several sublethal responses to these stressors were assessed. Effects were measured by analyzing 
mRNA expression of hypoxia inducible factor-1α (HIF1-α), which is known to be up-regulated 
under hypoxic stress (Kawabe and Yokoyama, 2012). Immune function was assessed by 
analyzing mRNA expression of thymosin-beta-4 (TB-4), which is involved in hemocyte 
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production and mobilization (Li et al., 2016). Additionally, the mRNA expression of a 
peroxisome proliferator-activated receptor (PPAR) homolog, Crassostrea virginica PPAR 
“delta-like” (CvPPAR-d) (Milbury and Gaffney, 2005; Gómez-Chiarri, et al. 2015) was 
measured to test the hypothesis that TBT and hypoxia impact the RXR (retinoid-x-
receptor)/PPAR nuclear receptor pathway. Physiological parameters measured included total 
circulating hemocytes to further assess immune function, clearance rates as an indicator of 
feeding behavior, and oxygen consumption rates. I hypothesized that oysters subjected to 
hypoxia would have enhanced HIF1-α expression and suppressed immune function compared to 
controls, and that exposure of oysters to combined stressors would elicit greater physiological 
and mRNA responses than either stressor alone. I further hypothesized that oysters exposed to a 
naturally occurring hypoxic event in a field setting would exhibit similar signs of stress to those 
in the laboratory experiment. 
Based on preliminary data on water quality changes during a BCS opening in 2018 (Bell, 
2019), I also took advantage of a BCS opening in 2019 to assess its effects on oysters and coastal 
water quality. A field deployment lasting from 23 April (following the initial 27 February – 11 
April 2019 opening of the BCS) to 27 September 2019 (following the second 10 May – 27 July 
2019 opening of the BCS) was performed to monitor water quality and oyster mortality across 
several sites in the Mississippi Sound.  
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CHAPTER 2 MATERIALS AND METHODS 
2.1 OYSTER COLLECTION AND MAINTENANCE 
Oysters (C. virginica) used in both the field and laboratory experiments were obtained 
from the Auburn University Shellfish Laboratory’s farm in Bayou La Batre (Dauphin Island, 
AL). The oysters were transported to the Gulf Coast Research Laboratory’s (GCRL) Halstead 
campus (Ocean Springs, MS) and placed in flow-through holding tanks supplied with water from 
Davis Bayou, where salinity and temperature was similar to the oysters’ site of collection. 
Oysters were fed ad libitum each day with Shellfish Diet 1800 (Reed Mariculture, Campbell, 
CA, USA). Oysters were kept in holding tanks for two weeks before being transferred to oyster 
sensor platforms for the 2018 summer field deployment.  They were maintained for three weeks 
before being transferred to exposure aquaria at GCRL’s Cedar Point campus (Ocean Springs, 
MS) to begin the laboratory exposure. Oysters were maintained in holding aquaria at GCRL’s 
Halstead campus for one night before being transferred to oyster sensor platforms for the 2019 
field deployment.  
 
2.2 2018 SUMMER FIELD DEPLOYMENT 
For the 2018 summer field deployment, 40 oysters were randomly selected from the 
holding tanks, and 20 were placed in each of two oyster sensor platforms (Bell, 2019), and 
submerged at 1 m depth off of the dock near GCRL (Marsh Point, MS:  30˚23’31.488”N, 
88˚48’27.226”W) for three weeks, beginning on 20 July 2018. The sensor platforms were 
equipped with water quality sensors (HOBOware® loggers; Onset Computer, Bourne, MA, 
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USA) that measured DO (#U26-001), conductivity (#U24-002-C), and temperature (measured by 
both the DO and conductivity loggers) for the duration of the deployment, and housed oysters on 
trays enclosed within crates on each platform, with holes to allow adequate water flow. At the 
beginning of the experiment, 10 oysters were taken directly from GCRL holding tanks and 
sampled as time-zero (T-0) oysters. Oysters were sampled from the platforms on day 14 (T-1) 
and day 21 (T-2) of deployment. At each sampling period, 10 oysters were collected from each 
sensor platform: five oysters were sacrificed to provide gill tissue for analysis of mRNA 
expression (2.4) and hemolymph for total circulating hemocyte counts (2.5), and the remaining 
five oysters were used for clearance rate assays (2.6).  
 
2.3 LABORATORY EXPERIMENTAL DESIGN 
2.3.1 LABORATORY EXPOSURE SYSTEM 
The laboratory exposure was conducted in the University of Southern Mississippi’s 
(USM) Toxicology Building at GCRL. The exposures were performed in replicate 65 L glass 
aquaria in a flow through system, with automated control over temperature, salinity, DO, and 
contaminant concentration. Temperature was maintained at 18°C by circulating water 
surrounding the exposure tanks through a heat exchanger. Salinity was controlled by 
automatically diluting artificial seawater (30 ppt) with fresh, unchlorinated well water to achieve 
the desired salinity of 15±1 ppt. Each group of four aquaria was fed from a single header tank, so 
we could manipulate the water for each treatment independently. Hypoxic conditions were 
generated by bubbling N2 gas into treatment water in a header tank, which was then pumped into 
treatment tanks at a controlled rate. For the TBT exposure, a stock solution of TBT chloride 
(TBTCl 96%, Sigma-Aldrich #T50202) was added to a header tank, and pumped into exposure 
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tanks to produce a final concentration of 80 ng/L. The TBT exposure concentration was selected 
based on a previous study of adult oysters (Anderson et al., 1998). For the hypoxia+TBT 
treatments, TBT and hypoxia conditions were combined in the header tank and pumped into 
treatment tanks. Water for each treatment was pumped through each replicate aquarium at a rate 
of 2 L/h. Effluent water was passed through a 7-point filtration system before release. 
 
2.3.2 LABORATORY EXPOSURE EXPERIMENT 
         Oysters were randomly selected from holding tanks and transferred to replicate exposure 
tanks to acclimate for two days. Beginning on 1 August 2018, oysters were exposed to 
independent and combined hypoxia and TBT treatments in a factorial design for 12 days, with 
the following conditions: normoxic control (DO ≥ 8 mg/L), hypoxia (DO ≤ 2 mg/L), TBT (80 
ng/L), and a combined treatment of hypoxia and TBT (Fig. 1). Each treatment consisted of four 
replicate tanks and started with 20 oysters in each tank. On days 1, 2, 5, 8, and 12 of exposure, 
three oysters were sampled from each tank. On day 4 of the experiment, N2 gas ran out and DO 
began to rise in the hypoxic treatments overnight; this was quickly corrected once new N2 gas 
was delivered. Results from day 5 sampling are not reported due to this event and also because 
there were no significant differences for samples taken after 5 days of exposure relative to other 
treatments or days. Unless otherwise specified, sample sizes for each treatment represent pooled 
data from the three oysters in each tank. Gill tissue was collected for mRNA expression analysis 
(2.4; n = 4) and hemolymph was extracted for hemocyte counts (2.5; n = 4). Clearance rates (2.6) 
were measured from one oyster per tank (n = 4 per treatment), and oxygen consumption rates 
(2.7) were measured from one oyster per tank (n = 3 per treatment).  
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2.4 mRNA EXPRESSION – RT-QPCR 
         Approximately 1 mm2 of gill tissue was collected using stainless steel forceps and 
dissecting scissors, placed in RNAlater™ (Invitrogen #AM7021) and stored at -80°C until 
processing. RNA isolation was achieved using TRIzol™ reagent (Invitrogen #A33251) and 
RNase-Free DNase kit (Qiagen #74004), according to the manufacturer’s protocol. RNA extract 
was quantified and assessed for purity using a NanoDrop 2000 spectrophotometer. Following 
quantification, cDNA sub-stocks were prepared via reverse transcription PCR to achieve a final 
concentration of 10µg/µL. qPCR was performed using an Applied Biosystems 7200 Real-Time 
PCR System using SYBR™ Green PCR Master Mix (Applied Biosystems #4309155) with the 
following parameters: 95°C for 10 min, then 40 cycles of 95°C for 15 sec and 60°C for 1 min, 
followed by 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec to generate a dissociation 
curve. Primer optimization was completed using the same instrumentation and procedure. Primer 
sequences and efficiencies are listed in Table 1. All samples were screened in duplicate and fold-
change was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). Elongation factor 







Figure 1. Experimental design of laboratory experiment. Oysters were exposed to one of four 
treatments: control, hypoxia, TBT, or hypoxia+TBT. Each tank (n=4 per treatment) started with 
20 oysters and three oysters were sampled from every tank on each sampling day. Temperature 
(18°C) and salinity (15 ppt) were held constant throughout both experiments. Black dots 
represent sampling days.  
 
 
Table 1. RT-qPCR primers used in the laboratory and field deployment experiments. r2 value is 
the coefficient value of correlation obtained for the standard curve from a serial dilution of 
cDNA generated to evaluate the performance of a set of primers, and should ideally be >0.99. 
The efficiency is the slope of the standard curve and ideally should be 100%, indicating that for 
each cycle, the amount of cDNA product doubles. 
 
Gene Accession Primer sequence r2 Efficiency (%) 
HIF1-a XM_022475425 F: 5’- ACC AGT GAC GCC CTG TTC TC- 3’ 
R: 5’- ACA GAC TCG GTG CGA CCA A- 3’ 
0.999 94.67 
Tb-4 LOC111123286 F: 5’- TCT GTG ATT GTG GGC TGT GTT- 3’ 
R: 5’- TGG TGG GTA GAG GGT TCT TCT- 3’ 
0.995 101.01 
CvPPAR-d XM_022471811.1 F: 5’- TTT AGG CTT ATG CTC GGC GT- 3’ 
R: 5’- GCG ACT ATA TAT GGG CCG GG- 3’ 
0.992 103.8 
EF1-a XM_022472315 F: 5’- GGT ATC TCG GCA AAC GGA CA- 3’ 




2.5 TOTAL HEMOCYTE COUNTS 
Hemolymph was extracted from the pericardial cavity of each oyster using a sterile 16-
gauge syringe and transferred to a 1.7 mL centrifuge tube. Hemolymph was diluted 1:1 with 10% 
formalin for preservation. Hemocyte counts were performed using a hemocytometer (Hausser 
Scientific), with counts (five per sample) performed by filling both counting chambers with 
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hemolymph (0.1 µL per side) and counting the hemocytes in each of the four 1 mm2 corners of 
the chambers. 
 
2.6 CLEARANCE RATE ASSAYS 
         Clearance rate is the volume of water cleared of suspended particles per unit time and is 
used as a measure of feeding rate in oysters (Riisgård, 1988). Oysters were removed from 
exposure aquaria and immediately transferred to individual 600 mL plastic chambers supplied 
with treatment water (either hypoxic or normoxic; TBT-treated water was not used for the 
clearance rate assay). Oysters from the field deployment followed the same protocol, but 
chambers were supplied with artificial seawater at a salinity similar to field conditions at the time 
of collection. Each chamber contained an aerator to ensure circulation of algal particles. Oysters 
were allowed to acclimate for 1 h before beginning the assay. For the assay, 0.6 mL of a 
concentrated commercial diatom diet (Thalassiosira weissflogii, Reed Mariculture) was added to 
each chamber, and 2.7 mL water samples were collected every 10 min for 1 h. Samples were 
preserved by adding 0.3 mL of formalin. Algal concentrations in each sample were counted 
using a hemocytometer. Clearance rate was calculated according to the formula: 
CR = V/t x ln (C0/Ct) 
in which V is the volume of the chamber, t is the time elapsed between measurements, and C0 
and Ct are particle concentrations at times 0 and t, respectively (Riisgård, 1998, 2001). 
 
2.7 OXYGEN CONSUMPTION RATES 
To measure oxygen consumption rates, oysters were removed from exposure aquaria and 
immediately transferred to individual 946 mL plastic chambers containing a “shelf” for the 
oyster to rest on and a stir-bar underneath to ensure circulation of water (treatment water, as 
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described in 2.6). Oysters were allowed to acclimate for 1 h in the chamber with an aerator. 
Following acclimation, the aerator was removed before topping off the chamber with treatment 
water and tightening the lid to make the chamber airtight. Oxygen consumption was measured 
using a FireSting O2 Logger (PyroScience, Germany) through an opening (~ 6 mm) just large 
enough for the probe in the lid of each chamber. Decline in dissolved oxygen in the chamber was 
measured over the duration of 1 h. Oxygen consumption rates for each oyster was expressed in 
mg O2/g dry weight/L/min. Dry weight was determined by calculating the average tissue dry 
weights of a subset of oysters (n = 10) dried at 60°C for 48 hrs. 
 
2.8 2019 FIELD DEPLOYMENT 
For the 2019 field deployment, which followed the first 2019 opening of the 2019 BCS 
and continued into the second opening of the year, 20 oysters were randomly selected from 
holding tanks and placed in each of 12 oyster sensor platforms (Bell, 2019). Two platforms were 
deployed at each of the following six sites along the Mississippi Gulf Coast from 23 April – 6 
May 2019: a site with no oyster reef in the back of Bay St. Louis (Back Bay St. Louis) 
(30°21'03.6"N 89°21'16.8"W), The Nature Conservancy’s (TNC) Bay St. Louis Reef 
(30°20'42.2"N 89°17'41.5"W), St. Stanislaus Reef (30°18'02.7"N 89°19'10.7"W), Waveland 
Reef (30°16'22.7"N 89°22'12.9"W), Henderson Point Reef (30°17'33.5"N 89°16'16.1"W), and 
Kittiwake Reef (30°19'56.8"N 89°09'54.7"W). A timeline of platform deployment and 
monitoring can be seen in Fig. 2 and a map of the sites is shown in Fig. 3. As described in 2.2, 
the sensor platforms were equipped with sensors that measured dissolved oxygen, conductivity, 
and temperature for the duration of the deployment, and housed oysters within each platform. 
Oyster mortality in each platform was recorded after 13 days (6 May 2019: T-1) and 31 days (24 
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May 2019: T-2) of deployment. After T-1, sensor platforms at the control site and St. Stanislaus 
Reef were temporarily removed for an unrelated study. At T-2, two sensor platforms were 
returned to St. Stanislaus Reef. On 24 May 2019, after 31 days of deployment, all sensor 
platforms (n=10) except for those at St. Stanislaus Reef (n=2) were moved to the TNC Bay St. 
Louis Reef to record water quality for the subsequent three months. A sensor measuring pH 
(HOBOware® #MX2501) was attached to one of the sensor platforms at the TNC Bay St. Louis 
site. The sensor platforms were recovered on 27 September 2019 (T-3) and returned to the 
University of Mississippi (UM) in Oxford, MS to download sensor data.  
On each monitoring date, in situ water quality measurements, including salinity, DO, 
conductivity, pH, and temperature, were performed as ground truthing using a handheld YSI 
Professional Plus Multiparameter Instrument (Xylem Inc., #6050000). We also used an oyster 
dredge (0.61 m width) at each of the six sites where the platforms were deployed on 24 May (T-
2) and 27 September (T-3) 2019 to assess native oyster population densities. Three non-
overlapping dredge pulls were performed at each site, except for Henderson Point Reef, six 
dredge pulls were performed due to its large size. Dredge pulls were 304.8 m each, covering a 
total area of 185.8 m2 for each pull. Numbers of both living and dead adult and juvenile (spat) 
oysters were counted. Living and dead adults and spat were counted in each dredge to calculate 
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Figure 2. Timeline of oyster sensor platform deployment, monitoring, and openings of the 
Bonnet Carré Spillway. BCS openings were 27 February – 11 April & 10 May – 27 July 2019. 
At T-0 (23 April), two platforms were deployed at each of the six sites in Figure 3, and YSI 
measurements were taken at each site. At T-1 (6 May), the 12 platforms were monitored for 
oyster survival, YSI measurements were taken at each site, and platforms were removed from St. 
Stanislaus Reef and Back Bay St. Louis for a separate study. At T-2 (24 May), platforms were 
monitored for oyster survival, YSI measurements were taken at each site, each native oyster reef 
site was dredged, two platforms were returned to St. Stanislaus Reef and the remaining platforms 
(n=10) were deployed at TNC Bay St. Louis Reef. At T-3 (27 September), the end of 
deployment, all platforms were retrieved (n=11), with the exception of one platform that was lost 





Figure 3. 2019 field deployment sites: (1) Back Bay St. Louis, (2) TNC Bay St. Louis Reef, (3) 
St. Stanislaus Reef, (4) Waveland Reef, (5) Henderson Point Reef, and (6) Kittiwake Reef.  
 
2.9 DATA ANALYSIS 
Prior to data analysis, data were tested for normality and equal variance using Shapiro-
Wilk’s and Brown-Forsythe’s tests, respectively, in SigmaPlot version 14.0. Data from the 2018 
summer field deployment (mRNA expression, hemocyte counts and clearance rates) were 
analyzed using one-way analyses of variance (ANOVA) (n=5 per time point), followed by 
Tukey’s post hoc tests, if appropriate. For the laboratory experiment, all oysters removed from 
the same tank on each sampling day were pooled for each analysis. For the laboratory 
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experiment, mRNA expression (n=4), hemocyte counts (n=2-4), clearance rates (n=4), and 
oxygen consumption rates (n=3) were analyzed using two-way ANOVAs with time and 
treatment as factors, followed by Tukey’s post hoc tests. In order to detect acute or chronic 
effects of the treatments on physiological measurements, hemocyte counts, clearance rates, and 
oxygen consumption rates were also analyzed by comparing the mean values of the T-0 oysters 
to either day 1 (acute) or day 12 (chronic) values using unpaired t-tests. mRNA expression was 
standardized to that of the T-0 oysters, and log2 values were used in the statistical analysis. 
mRNA expression results are reported in graphs as log2 (2-ΔΔCT).  Statistical significance was 
determined at p ≤ 0.05. 
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CHAPTER 3 RESULTS 
3.1 2018 SUMMER FIELD DEPLOYMENT RESULTS 
3.1.1 IN SITU WATER QUALITY DATA 
An oyster sensor platform was deployed for three weeks near Marsh Point, MS from 20 
July to 10 August 2018, which overlapped with the laboratory experiment. During deployment, 
the in-situ water quality sensor data (Fig. 4) indicated fluctuating diel DO concentrations for the 
first 10-12 days of deployment. On day 12, DO dropped below 2 mg/L and remained near or 
below the hypoxic threshold for the remainder of the deployment. There was a concurrent 
decrease in salinity to a minimum of 4 ppt during the hypoxic event, with a subsequent return to 
12-15 ppt near the end of the deployment, even while DO remained low.  
 
3.1.2 mRNA EXPRESSION 
         As predicted, gill HIF1-α mRNA expression showed a significant response to the natural 
hypoxic event (1-way ANOVA, F2 = 4.219, p = 0.044; Fig. 5), with significant up-regulation on 
day 21 (after 9 days of hypoxia; T-2) compared to T-0 oysters (Tukey’s post-hoc test, p = 0.022 
and 0.032 for T-0 vs. T-2 and T-1 vs. T-2, respectively). Tβ-4 mRNA expression did not vary 
between oysters sampled at T-0 and T-1 (day 2 of hypoxia), but showed a significant 2-fold up-
regulation in oysters following 9 days of exposure to a natural hypoxic event (1-way ANOVA, 
F2 = 9.08, p = 0.005; Fig. 5; Tukey’s post-hoc test, p = 0.388 and 0.004, for T-0 vs. T-1 and T-0 
vs. T-2, respectively). Oysters sampled on days 2 (T-1) and 9 (T-2) of the hypoxic event in the 
field showed a significant 2-fold down-regulation of gill CvPPAR-δ mRNA expression compared
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to T-0 (1-way ANOVA, F2 = 10.884, p = 0.002; Fig. 5; Tukey’s post-hoc test, p =0.004 and 
0.008 for T-0 vs. T-2 and T-0 vs. T-1, respectively). 
 
3.1.3 TOTAL HEMOCYTE COUNTS 
No significant differences in total circulating hemocyte counts were found among oysters 
collected over the course of the field deployment (mean ± 1SE: 3.86E5 ± 9.39E5, 4.24E5 ± 
1.07E5, 5.0E5 ±1.55E5 for T=0, T-1, and T-2, respectively; 1-way ANOVA, F2 = 0.23, p = 
0.798). 
 
3.1.4 CLEARANCE RATES 
Clearance rates in oysters also did not vary across sampling times in the field deployment 
(mean ± 1SE: 0.40 ± 0.098, 0.40 ± 0.081, 0.42 ± 0.065 L/h, for T-0, T-1, and T-2, respectively; 






Figure 4. Dissolved oxygen (mg/L) and salinity (ppt) measured by in situ sensors on oyster 
sensor platform near Marsh Point, MS, during three-week field deployment (20 July -10 August 
2018). Note the natural hypoxic event that occurred when DO fell below the hypoxic threshold 
(<2 mg/L) on day 12, with a subsequent drop in salinity. Oysters were sampled prior to 
















Figure 5. Relative mRNA expression of HIF1-α, Tβ-4, and CvPPAR-d for oysters sampled prior 
to deployment (T-0), on day 14 (T-1), and on day 21 (T-2) in the field deployment. A natural 
hypoxic event occurred on day 12 and lasted for the remainder of the deployment (Fig. 5). Bars 
represent means + standard error (n = 5 oysters per time). Significant differences between time 
points for each gene were determined using one-way ANOVA, followed by a Tukey’s post hoc 









3.2 LABORATORY EXPERIMENT RESULTS 
3.2.1 mRNA EXPRESSION 
When exposed to independent and combined effects of hypoxia and TBT for periods up 
to 12 days, HIF1-α mRNA expression in oysters showed a significant time by treatment 
interaction (2-way ANOVA, p < 0.001; Fig. 6A; Table 2). Following 1 day of exposure, 
expression of HIF1-α in oysters exposed to the combined hypoxia+TBT treatment was 
significantly up-regulated compared to control- and TBT-treated oysters (p < 0.001). After 2 
days of exposure, oysters in all treatments had significantly up-regulated HIF1-α expression 
compared to controls (p ≤ 0.035, Table 3A). After 8 and 12 days, HIF1-α expression was 
significantly up-regulated by oysters in both the hypoxia (p = 0.01 and < 0.001 for days 8 and 12, 
respectively) and hypoxia+TBT (p < 0.001 for both days) treatments, compared to control and 
TBT-treated oysters. 
There was also a significant time by treatment interaction in oyster Tβ-4 mRNA 
expression (Fig. 6B; p=0.008; Table 2). After 1 day of exposure, oysters in the hypoxia treatment 
experienced a significant up-regulation of Tβ-4 mRNA expression compared to oysters in the 
hypoxia+TBT treatment (p = 0.035; Table 3B). After 8 days of exposure, there was a >2-fold 
down-regulation of Tβ-4 expression in the hypoxia+TBT treatment compared to the controls and 
hypoxia treatment (p < 0.001 and 0.011, respectively). Oysters in the combined treatment 
exhibited a significant down-regulation in Tβ-4 expression compared to all other treatments after 
12 days of exposure (p ≤ 0.001). 
Oysters also exhibited a significant time by treatment interaction in CvPPAR-d mRNA 
expression (Fig. 6C; p=0.005; Table 2). CvPPAR-d was significantly down-regulated in oysters 
from the TBT treatment compared to the hypoxia treatment after 2 days of exposure (p = 0.031; 
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Table 3C). After 8 days of exposure, CvPPAR-d expression was significantly down-regulated in 
the hypoxia and combined hypoxia+TBT treatments when compared to controls (p = 0.018 and 
0.011, respectively). No differences between treatments were seen in CvPPAR-d mRNA 
expression after 1 or 12 days of exposure. 
 
3.2.2 TOTAL HEMOCYTE COUNTS 
Total circulating hemocytes (Fig. 7A) exhibited a significant main effect of time (p = 
0.038; Table 2), with oysters sampled after 2 days of exposure exhibiting overall greater numbers 
of hemocytes than those on day 1 (p = 0.039; Table 4). No statistically significant differences in 
hemocyte counts between treatments within days were observed. After 12 days, there was a 
significant decrease in hemocytes in the hypoxia treatment when compared to time-zero oysters 
(mean ± 1SE: 46.9 ± 4.07, 25.6 ± 2.57 for T-0 and day 12, respectively; two-tailed t-test, p = 
0.002). 
 
3.2.3 CLEARANCE RATES 
There was a significant main effect of time (p = 0.003; Table 2), but not treatment, in 
oyster clearance rates (Fig. 7B). Clearance rates on days 1 and 2 were significantly lower than 
those on day 12 (p = 0.011 and 0.016, respectively; Table 4), while clearance rates on day 2 were 
significantly lower than those on day 8 (p = 0.016). The hypoxia treatment elicited an acute 
effect on oyster clearance rates; after 1 day of exposure, clearance rates increased relative to 
those of T-0 oysters (mean ± 1SE: 0.399 ± 0.098, 0.798 ± 0.062 L/h for T-0 and day 1, 
respectively; 2-tailed t-test, p = 0.0198). Likewise, after 12 days of exposure, clearance rates 
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were significantly higher than T-0 oysters in the combined hypoxia+TBT treatment (mean ± 
1SE: 0.873 ± 0.134 L/h; 2-tailed t-test, p = 0.032). 
 
3.2.4 OXYGEN CONSUMPTION RATES 
Oxygen consumption rates exhibited a significant time by treatment interaction in oysters 
exposed to hypoxia and/or TBT for up to 12 days (p = 0.01; Table 2). This interaction was 
evident after 12 days of exposure, when oysters exposed to the hypoxia and combined 
hypoxia+TBT treatments had significantly higher oxygen consumption rates (Fig. 7C) compared 
to controls (p = 0.003 and 0.002, respectively; Table 3D). No statistically significant differences 
in oxygen consumption rates were found on any other days of exposure between any treatments, 
although variability was high, likely due to low sample size. 
 
3.2.5 MORTALITY 
         There were no mortalities in the summer 2018 field deployment. In the laboratory 
experiment, oysters in the hypoxia+TBT treatment had the highest mortality (10%, n = 8) by day 
12 of exposure (Fig. 8). One oyster was lost in the control treatment, two in the hypoxic 













Figure 6. mRNA expression of (A) HIF1-α, (B) Tβ-4, and (C) CvPPAR-d in oysters sampled 
after different durations of exposure to hypoxia, TBT, or a combined hypoxia+TBT treatment. 
Bars represent means + standard errors (n = 4 tanks per treatment). Letters represent significant 
differences between treatments within a given sampling day. 2-Way ANOVA (Table 3), 




Figure 7. Physiological responses of oysters sampled after different durations of exposure to 
hypoxia, TBT, or a combined hypoxia+TBT treatment. (A) Total hemocyte counts (n = 2-4 tanks 
per treatment per day), (B) clearance rates (n = 4 tanks per treatment per day), and (C) oxygen 
consumption rates (n = 3 tanks per treatment per day). Bars represent means + standard errors. 
Letters represent significant differences between treatments within a given day. 2-Way ANOVA 
(Table 3) followed by Tukey’s post-hoc test (Table 5d). 
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Figure 8. Percent mortality of oysters after different durations of exposure to hypoxia, TBT, or a 
combined hypoxia+TBT treatment in the laboratory experiment. Oysters in the hypoxia+TBT 
treatment experienced the highest mortality by Day 12 (10%). Numbers above lines indicate the 





















Table 2. Results from two-way ANOVAs on data from the laboratory experiment. Asterisks 
denote statistically significant main effect or interaction (p < 0.05). 
 
Responses/Factor Df F P Figure 
mRNA expression 
HIF1-α 6A 
Treatment 3 32.378 <0.001*  
Time 3 6.665 <0.001*  
Treatment x time 9 4.799 <0.001*  
Tβ-4 6B 
Treatment 3 14.748 <0.001*  
Time 3 5.076 0.002*  
Treatment x time 9 2.677 0.008*  
CvPPAR-d 6C 
Treatment 3 1.395 0.248  
Time 3 3.41 0.02*  
Treatment x time 9 2.842 0.005*  
Physiological endpoints 
Hemocyte counts 7A 
Treatment 3 1.493 0.235  
Time 3 3.141 0.038*  
Treatment x time 9 0.957 0.492  
Clearance rates 7B 
Treatment 3 0.751 0.528  
Time 3 5.23 0.003*  
Treatment x time 9 0.649 0.749  
Oxygen consumption rates 7C 
Treatment 3 1.372 0.269  
Time 3 2.106 0.119  








Table 3A-D. Results of pair-wise post-hoc tests for treatment x time interactions from 2-way 
ANOVAs for laboratory experiment: (A) HIF1- α, (B) Tß-4, (C) CvPPAR-d mRNA expression, 
and (D) oxygen consumption rates. Treatments: CTRL = Control, H = Hypoxia, TBT = 
tributyltin, and TBTH = hypoxia+TBT. P-values only listed for significant comparisons using 






















TBTH, 1 0.001 <0.001
TBTH, 2 0.033
TBTH, 8 <0.001 <0.001 <0.001
TBTH, 12 <0.001 <0.001















TBTH, 8 <0.001 0.011
TBTH, 12 <0.001 0.001 <0.001 0.003 <0.001
Treatment, Day CTRL, 1 CTRL, 2 CTRL, 8 CTRL, 12 H, 1 H, 2 H, 8 H, 12 TBT, 1 TBT, 2 TBT, 8 TBT, 12 TBTH, 1 TBTH, 2 TBTH, 8 TBTH, 12
CTRL, 1
CTRL, 2




















Table 4. Results of pair-wise post-hoc tests for significant main effects of treatments and time 
from 2-way ANOVAs on mRNA expression and physiological measurements for laboratory 
experiment. Bold text indicates significant differences between a pair of treatments or days (p < 
0.05) using Tukey’s post hoc test. 
 
Day Comparison Hemocyte Counts Clearance Rates 
1 - 2 0.039 0.986 
1 - 8 0.794 0.085 
1 - 12 0.169 0.044 
2 - 8 0.233 0.033 
2 - 12 0.903 0.016 


























3.3 2019 FIELD DEPLOYMENT RESULTS 
3.3.1 WATER QUALITY 
3.3.1.1 BACK BAY ST. LOUIS SITE 
Oyster sensor platforms were deployed for two weeks at the Back Bay St. Louis Site 
from 23 April (T-0; 12 days after the first closing of the BCS) to 6 May 2019 (T-1). During 
deployment, the in situ water quality sensor data indicated extremely low salinity ranging 
between 0.1-0.5 ppt (Fig. 9A). YSI measurements reflected similar salinities up to 0.67 ppt 
(Table 5). DO was relatively high at approximately 10 mg/L at the beginning of deployment, 
with large fluctuations from 26 April until 3 May, including several days when DO was < 2 
mg/L, before gradually returning to approximately 6 mg/L by 24 May 2019 (Fig. 9B). YSI 
measurements of DO were generally higher than those measured by the platform sensors after T-
0, with a range of 7.0 – 7.2 mg/L at the bottom (Table 5), indicating that sensor data may have 
been drifted due to biofouling or miscalibration. pH measurements recorded by YSI ranged 
between 7.4 – 7.49 at the surface at all monitoring dates and were lower at the bottom at T-1 and 




















Figure 9. (A) Salinity (ppt) and temperature (°C), and (B) dissolved oxygen (mg/L) and 
temperature (°C) measured by in situ sensors on oyster sensor platforms at Back Bay St. Louis 
Site from April 23 – May 6, 2019 (T-1). Sensors were deployed 12 days after the first 2019 








3.3.1.2 TNC BAY ST. LOUIS REEF 
Sensor platforms were deployed at the TNC Bay St. Louis Reef beginning 12 days after 
the first closing of the BCS (23 April 2019) and capturing water quality for the duration of the 
second BCS opening (10 May – 27 July 2019). The in situ water quality sensor data measured 
extremely low salinity ranging between 0.8-2 ppt, followed by a drop in salinity to 0.5 ppt after 
the 10 May opening of the BCS (Fig. 10). Fig. 10 shows a spike in salinity up to 19 ppt during 
the week of 10 July, when Hurricane Barry made landfall on the Mississippi Gulf Coast. The 
salinity quickly returned to extremely low concentrations after the hurricane and gradually rose 
up to 16 ppt after the 27 July closing of the BCS. The average weekly salinities recorded for 
TNC Bay St. Louis can be seen in Fig. 11. YSI measurements on monitoring dates confirm low 
salinities (<1 ppt) until 27 September 2019 when the salinity had risen to 15.3 ppt (Table 5). DO 
measured by in situ water quality sensors was relatively low, but highly variable, during 
deployment (Fig. 12). YSI measurements were higher than measured on the platform sensors, at 
a range of 7.41 – 10.03 mg/L at the bottom (Table 5), suggesting that sensor data may have been 
corrupted by biofouling or miscalibration. The single in situ pH sensor was deployed at this site 
only and measured large fluctuations in pH (7.5 – 8) before 22 June, and then a sudden drop to 
6.5, followed by fluctuations between 6.5 – 7.5 for the remainder of the deployment (Fig. 13). 
YSI measurements of pH were similar to those recorded by the in situ sensor, ranging between 




Figure 10. Salinity (ppt) and temperature (°C) measured by in situ sensors on oyster sensor 
platforms at TNC Bay St. Louis Reef from (A) April 23 – May 24, and (B) May 25 - September 
27, 2019. Bonnet Carré Spillway 2nd opening and closing denoted by red bars within graphs. The 
large spike in salinity during the week of July 10 was caused by mixing due to Hurricane Barry, 




Figure 11. Average weekly salinity on the TNC Bay St. Louis Reef measured by in situ sensors 
on oyster sensor platforms from May 25 – September 27, 2019. Spike in salinity during the week 
of July 10-16 caused by mixing due to Hurricane Barry, which made landfall on the Mississippi 





Figure 12. Dissolved oxygen (mg/L) and temperature (°C) measured by in situ sensors on oyster 
sensor platforms at TNC Bay St. Louis Reef from (A) 23 April – 24 May and (B) 25 May – 27 
September 2019. Sensors were deployed 12 days after the first 2019 closing of the Bonnet Carré 





Figure 13. pH measured in situ by sensor on oyster sensor platform deployed at TNC Bay St. 
Louis Reef from 24 May – 27 September, 2019. The sudden drop in pH recorded after 22 June 
could be due to biofouling of the sensor. 
 
3.3.1.3 ST. STANISLAUS REEF 
Oyster sensor platforms were deployed for 13 days at St. Stanislaus Reef from 23 April 
(T-0) to 6 May 2019 (T-1). Similar to all other sites, the in situ water quality sensor data 
indicated extrememly low salinities ranging between 0 – 1 ppt over that entire period (Fig. 14A). 
YSI measurements reflected similar salinities of up to 0.24 ppt (Table 5) at T-2 (24 May 2019). 
Although an oyster sensor platform was deployed at St. Stanislaus Reef on 24 May 2019, the 
platform was lost, so there is no salinity data recorded for the duration of the second opening of 
BCS and the remainder of the summer. However, YSI measurements indicate that salinity rose to 
16.8 ppt by T-3 (Table 5). DO fluctuated between 6-12 mg/L between 23 April and 6 May 2019 
(Fig. 14B), but DO sensor readings were corrupted due to biofouling between T-2 and T-3. YSI 
measurements show that DO measured 8.18 mg/L on 24 May (T-2) and 7.92 mg/L on 27 
September 2019 (T-3) (Table 5). YSI measurements of pH ranged between 7.72 to 8.5 on all 




Figure 14. (A) Salinity (ppt) and (B) dissolved oxygen (mg/L) and temperature (°C) measured 
by in situ sensors on oyster sensor platforms at St. Stanislaus Reef from 23 April – 6 May 2019 
(T-1). Sensors were deployed 12 days after the first 2019 closing of the BCS. Although sensor 
platforms were deployed at this site from 24 May (T-2) – 27 September 2019 (T-3), the platform 
containing the conductivity sensor (used to calculate salinity) was lost before retrieval at T-3. 






3.3.1.4 WAVELAND REEF 
At Waveland Reef, the site nearest to the BCS, sensor platforms were deployed from 23 
April (T-0, 12 days after the first closing of the BCS) to 24 May 2019 (T-2, 14 days after the 
second opening of the BCS). The in situ water quality sensor data indicated salinity around 3 ppt 
near T-0 and quickly dropped to levels fluctuating between 0 – 1 ppt for the remainder of 
deployment (Fig. 15A). Sensors measured DO fluctuating around 7-9 mg/L (Fig. 15B), with YSI 
measurements generally concurring with these data (Table 5). YSI measurements of pH ranged 








Figure 15. (A) Salinity (ppt) and (B) dissolved oxygen (mg/L) and temperature (°C) measured 
by in situ sensors on oyster sensor platforms at Waveland Reef (closest to the Bonnet Carré 
Spillway) from April 23 – May 24, 2019 (T-2). Sensors were deployed 12 days after the first 







3.3.1.5 HENDERSON POINT REEF 
Sensor platforms were deployed for 31 days at Henderson Point Reef (T-0 – T-2). 
Salinity was around 6 ppt at deployment on 23 April, 12 days after the first closing of the BCS. 
However, salinity declined gradually until the BCS reopened on 10 May 2019, when salinity 
remained at < 1 ppt (Fig. 16A). YSI measurements indicated low salinity at the beginning of 
deployment, with a decline to < 1 ppt at T-2, and recovery to 17.2 ppt at T-3 (Table 5). DO 
measured by sensors fluctuated between 5-13 mg/L during deployment (Fig. 16B), with YSI 
measurements showing DO within a similar range (7.57 – 9.7 mg/L at the bottom) at each 
monitoring date (Table 5). pH measured by YSI ranged from 7.6 to 8.8 on each monitoring date 





Figure 16. (A) Salinity (ppt) and (B) dissolved oxygen (mg/L) and temperature (°C) measured 
by in situ sensors on oyster sensor platforms at Henderson Point Reef from April 23 – May 24, 
2019 (T-2). Sensors were deployed 12 days after the first 2019 closing of the BCS. The BCS was 







3.3.1.6 KITTIWAKE REEF 
At Kittiwake Reef, the farthest east and most distant site from the BCS, platforms were 
deployed for 31 days from T-0 to T-2. The in situ water quality sensors showed that salinity was 
approximately 1.8 ppt near T-0 and declined gradually to < 0.2 ppt by the beginning of May and 
remained at that level for the duration of deployment (Fig. 17A). YSI measurements indicated 
higher salinity (4.21 ppt) at the beginning of deployment, decreasing to 2.45 ppt by T-1, 0.48 ppt 
by T-2, and increasing to 21.06 ppt at T-3 (Table 5). DO measured by sensors fluctuated between 
2-12 mg/L during the deployment, with large variations, but a general declining trend following 
the second opening of the BCS on 10 May 2019 (Fig. 17B). YSI measurements ranged from 11.6 
mg/L at deployment to 7.76 mg/L at T-2, and 4.19 mg/L at T-3 (Table 5). pH measured by YSI 





Figure 17. (A) Salinity (ppt) and (B) dissolved oxygen (mg/L) and temperature (°C) measured 
by in situ sensors on oyster sensor platforms at Kittiwake Reef (farthest away from the Bonnet 
Carré Spillway) from April 23 – May 24, 2019 (T-2). Sensors were deployed 12 days after the 
first 2019 closing of the BCS. The BCS was reopened on May 10, 2019.  
 
3.3.2 SENSOR PLATFORM OYSTER MORTALITY 
Percent mortality out of the 20 oysters that were initially deployed in each of the 12 
oyster sensor platforms was calculated for each site at T-1 and T-2 (Table 6). There was 100% 
mortality after 13 days of deployment (25 days following the first closing of the BCS) at all sites 
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except Henderson Point Reef (62.5% mortality) and Kittiwake Reef (30% mortality), the two 
most distant reefs from the BCS. At T-1, all live oysters remaining in the sensor platforms at 
Henderson Point Reef were collected for another study. After 31 days of deployment (14 days 
following the second opening of the BCS), the remaining oysters at Kittiwake Reef suffered an 
additional 14.3% mortality, resulting in an overall loss of 35% over the 31 days at that site. The 
remainder of the live oysters in these sensor platforms were collected at T-2 for that separate 
study. 
 
Table 6. Percent mortality of oysters deployed in oyster sensor platforms following 13 days (T-
1) and 31 days (T-2) of deployment at each of six study sites in the Mississippi Sound. Dashes 
indicate that there were no oysters left in the sensor platform to record. The only live oysters 
remaining by T-2 were at Kittiwake Reef (farthest away from the Bonnet Carré Spillway). 
 
  Day 13 of Deployment (T-1) Day 31 of Deployment (T-2) 
Site Sensor 
platform # Dead # Alive Site Mortality (%) Sensor platform # Dead # Alive Site Mortality (%) 
Back Bay 
St. Louis 1 20 0 100 - - - - 2 20 0 - - - 
TNC Bay St. 




5 20 0 100 - - - - 
6 20 0 - - - 
Waveland 
Reef 7 20 0 100 - - - - 8 20 0 - - - 
Henderson 
Point Reef 9 12 8 62.5 - - - - 10 13 7 - - - 
Kittiwake 






3.3.3 NATIVE OYSTER POPULATION DENSITY 
 On 24 May 2019 (T-2), three dredge pulls were performed at each of the five reef sites to 
assess native oyster reef populations, except for Henderson Reef Point, which required six 
dredge pulls due to its larger size. The overall number of living and dead adult and juvenile 
(spat) oysters were counted at each site (Fig. 18). The St. Stanislaus and Henderson Point reefs 
yielded the greatest numbers of live adults and spat. No live adults and very few live spat were 
collected at the TNC Bay St. Louis Reef and very few live adults or spat were recovered from 
the Waveland Reef. No live oysters were found at Kittiwake Reef, in spite of its greater distance 
from the BCS. These numbers were used to calculate population densities for each site (Fig. 19). 
Henderson Point and St. Stanislaus Reefs had the largest population densities of both adults and 
spat, however, there was high variability between dredge pulls at most sites. The same dredging 
approach was executed on 27 September 2019 (T-3) and no live oysters were found at any of the 








Figure 18. Numbers of live (black) or dead (grey) adults or spat dredged from natural oyster 
reefs at (A) TNC Bay St. Louis Reef, (B) St. Stanislaus Reef, (C) Waveland Reef, and (D) 
Henderson Point Reef on May 24, 2019 (T-2), 14 days after the second opening of the Bonnet 
Carré Spillway (BCS). There was no oyster reef at Back Bay St. Louis and no live oysters were 
found at Kittiwake Reef, so neither are shown here. No live oysters were found at any of the five 




Figure 19. Oyster population density at each of five reef sites in the Mississippi Sound based on 
dredge data collected on May 24, 2019, 14 days following the second opening of the Bonnet 
Carré Spillway. Bars denote mean + SEM (n=3-6 dredge pulls per site). See calculations in 
section 2.9. No live oysters were found at Kittiwake Reef. 
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CHAPTER 4 DISCUSSION 
4.1 LABORATORY EXPOSURE AND 2018 FIELD DEPLOYMENT 
Hypoxic events have become a common occurrence in estuarine environments and 
continue to increase in frequency and spatial scale (Rabalais et al., 2006; Breitburg et al., 2018). 
Hypoxia can have detrimental effects on aquatic organisms and their populations, including 
suppressed immune function, inhibited growth, decreased reproduction, vulnerability to 
predation, and loss of biomass and biodiversity (Vaquer-Sunyer & Duarte, 2008; Long et al., 
2014). Oyster reefs play critical roles in estuarine ecosystems by enhancing overall water quality 
and biodiversity, protecting shorelines from erosion, and serving as nursery habitats for 
commercially valuable fisheries, and the loss of these habitats as a result of hypoxia and other 
stressors can have devastating ecological and economic implications for coastal communities 
(Beck et al., 2011). In the present study, in situ water quality sensors captured a hypoxic event 
that lasted throughout the final nine days of a field deployment near Marsh Point, MS in July – 
August 2018 (Fig. 4), although the full duration of this particular event is unknown. The 
fortuitous capture of this event during this brief field deployment points to a likely frequent 
occurrence of small-scale hypoxic events in the Mississippi Sound, an estuarine environment 
home to many fisheries species that are vital to the success of the coastal economy.  
Due to their proximity to land and ever-increasing human populations, estuaries are 
subject not only to hypoxia, but to multiple stressors simultaneously. Environmental 
contaminants introduced into the environment through agricultural, storm-water, and sewage 
runoff can negatively affect and even bioaccumulate in marine organisms (Lau et al., 2018). 
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TBT, a biocide once ubiquitously used as an antifouling paint on marine vessels, causes 
calcification anomalies, and decreases survival in marine invertebrates (Antizar-Ladislao, 2008). 
Although largely banned by the early 2000s, TBT can reside in anaerobic sediment for years 
with the potential for slow release into the water column (Matthiessen, 2013). Recent data show 
that butyltins are still found in oyster tissues collected from the Mississippi Sound (NOAA’s 
NCCOS Mussel Watch Program, 2017). Hurricanes and coastal infrastructure development, such 
as dredging for port expansions, are especially likely to facilitate resuspension of TBT-
contaminated sediments, and these are continuing concerns for the Mississippi Gulf Coast. Due 
to the increasing occurrence of hypoxia alongside chemical contamination, this study 
investigated the time-course of impacts of these stressors on several molecular and physiological 
indicators of oyster health.   
I hypothesized that oysters subjected to hypoxia would show signs of 
immunosuppression, as indicated by down-regulation of Tβ-4 mRNA expression and decreased 
total hemocyte counts. Additionally, I hypothesized that exposure of oysters to combined 
stressors, hypoxia and TBT, would elicit elevated stress responses compared to exposure to TBT 
or hypoxia alone. Lastly, I hypothesized that oysters exposed to hypoxia in the natural 
environment would exhibit similar stress responses to those found in the laboratory experiment.  
Increased HIF1-α mRNA expression is an indicator of hypoxic exposure. For example, in 
C. virginica, HIF1-α was up-regulated after ³ 6 days continuous hypoxia exposure (Kawabe and 
Yokoyama, 2012). In the present study, there was significant up-regulation in HIF1-α mRNA 
expression after 9 days in oysters that experienced a natural hypoxic event in the field when 
compared to T-0 (Fig. 5). In the laboratory experiment, there was significant up-regulation of 
HIF1-α in oysters exposed to hypoxia alone after 2, 8, and 12 days of exposure when compared 
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to controls (Fig. 7A). Furthermore, oysters exposed to TBT alone only experienced an up-
regulation of HIF1-α at day 2 of exposure when compared to controls, suggesting that oysters 
experienced acute stress under TBT, but may have acclimated to the contaminant by 8 days of 
exposure. Interestingly, HIF1-α induction following exposure to TBT has not been previously 
described in oysters. In the combined hypoxia+TBT treatment, oysters experienced significant 
up-regulation of HIF1-α on every sampling date. Based on HIF1-α expression, it appears that 
oysters exposed to hypoxia alone experience comparable levels of stress to those exposed to 
hypoxia+TBT. However, HIF1-α mRNA expression in the combined treatment was already 
significantly up-regulated relative to control oysters after 1 day of exposure, suggesting that 
oysters exposed to both TBT and hypoxia could be experiencing more stress than those exposed 
to either stressor alone.  
In both the laboratory experiment and the 2018 field deployment, total circulating hemocytes, 
along with Tβ-4 mRNA expression, were measured to assess potential for immunosuppression. 
Oysters possess a nonspecific immune response with phagocytic hemocytes acting as their main 
line of defense against pathogens (Cheng, 1996). The production of hemocytes is regulated by 
the Tβ-4 protein (Li et al., 2016), which is a recognized biomarker for immune-related stress 
(Jenny et al., 2002). In addition, Tβ-4 demonstrates antimicrobial properties, as evidenced by its 
ability to suppress the growth of several strains of bacteria (Nam et al., 2015). If there were 
stressor-mediated down-regulation in the mRNA expression of Tβ-4, it would be expected to 
cause a subsequent decrease in the number of total circulating hemocytes, resulting in 
immunosuppression. In previous studies where mussels were exposed to hypoxia, total hemocyte 
counts were significantly decreased by 48 hours of exposure (Sui et al., 2016). In the laboratory 
experiment, significant down-regulation of TB-4 was observed in oysters exposed to the 
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combined hypoxia+TBT treatment after 8 and 12 days when compared to other treatments, 
supporting our hypothesis of elevated stress response under exposure to multiple stressors (Fig. 
7B). We also saw a significant decrease in hemocyte counts after 12 days of exposure to hypoxia 
when compared to T-0 oysters. A common pathogen of C. virginica is Perkinsus marinus, which 
causes Dermo, a disease that is increasing and likely to continue to do so under warming ocean 
conditions (Powell, 2017). TBT exposure negatively affects hemolymph quality in horseshoe 
crabs (Kwan et al., 2015), and the combination of hypoxia and TBT increased the lethality of 
Dermo disease to oysters (Anderson et al., 1998). Although not the focus of this study, to 
determine whether Dermo was a possible confounding factor in the laboratory and 2018 field 
deployment experiments, a subset of oysters (n = 16) from the holding tanks and one oyster from 
each tank at the end of the laboratory experiment (n = 16) were analyzed for Dermo disease 
following the standard Ray’s Fluid Thioglycollate Medium (RFTM) protocol (Ray, 1966; 
Dungan and Bushek, 2015). No P. marinus cells were found in any of the oysters sampled. If 
Dermo had been present in these oysters, it is likely that the immune response and mortality 
would have been more exaggerated in treated oysters. While number of total circulating 
hemocytes was relatively unaffected by the experimental treatments, the results showing down-
regulation of Tβ-4 suggest that longer durations of hypoxia (³ 8 days) and combined stressors 
may diminish the ability of oysters to fight pathogenic infection.   
Previously, it was hypothesized that inhibition of aromatase by TBT in invertebrates was 
mechanistically linked to imposex in marine gastropods (Gibbs & Bryan, 1986). More recently, 
it has been proposed that aromatase is not found in invertebrates (Lagadic et al., 2018) and that 
effects of TBT on molluscan reproduction more likely occur through interactions with RXR and 
PPAR (Lagadic et al., 2018). In this study, CvPPAR-d was evaluated as a potential biomarker of 
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exposure to TBT and hypoxia in oysters. PPARs are a family of nuclear receptor proteins that 
form heterodimers with the nuclear receptor RXR to bind to DNA sequences and cause changes 
in the transcription of target genes. PPAR-RXR-mediated pathways include cell differentiation 
and proliferation, regulation of lipid homeostasis, metabolism, development and immune 
response (Alexander et al., 2015). In vertebrates, TBT can activate RXR at nanomolar 
concentrations (Grimaldi et al., 2015), and butyltin compounds induce adipogenesis and show 
agonistic effects on the PPAR/RXR heterodimer in mammalian cell lines (Lee et al., 2018). In 
invertebrate studies, Daphnia magna exposed to TBT inhibited normal lipid metabolism (Jordão 
et al., 2015). Female gastropods (Nucella lapillus) exposed to TBT to induce imposex showed 
significant differences in RXR transcription when compared to control females, suggesting that 
RXR had direct involvement in mediating the process of imposex induction (Lima et al., 2011). 
Although TBT activates RXR and/or the PPAR/RXR heterodimer in molluscs, the adverse 
outcome pathways linking activation and physiological effects remain largely unexplained in 
invertebrates (Lagadic et al., 2018). In molluscan species, PPAR homologs have been identified, 
but not characterized (Vogeler et al., 2017), so for this study, a PPAR-d-like gene from C. 
virginica (Milbury & Gaffney, 2005; Gómez-Chiarri et al., 2015) was used that showed 
expression during primer optimization. In the laboratory experiment, CvPPAR-d was down-
regulated in hypoxia, TBT, and the combined hypoxia+TBT treatments, but differences between 
treatments were only significant on days 2 and 8 of exposure (Fig. 7C). Oysters exposed to TBT 
alone experienced significant down-regulation (> 3-fold) in CvPPAR-d after 2 days when 
compared to hypoxia alone, but not on other sampling days. In oysters exposed to hypoxia alone 
and the combined hypoxia+TBT treatment, CvPPAR-d mRNA expression was significantly 
down-regulated compared to controls after 8 days of exposure, suggesting that in addition to 
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TBT, hypoxia may also affect the RXR/PPAR pathway. By 12 days of exposure, there was no 
difference in CvPPAR-d expression among treatments, suggesting potential acclimation. In the 
field deployment, oysters that were exposed to a natural hypoxic event also had significantly 
down-regulated CvPPAR-d compared to T-0 oysters, consistent with findings in the literature of 
PPAR down-regulation in response to hypoxia in mice (Lu et al., 2013). The results of laboratory 
exposure showed that exposure to hypoxia, TBT, and the combined stressors elicited a down-
regulation in CvPPAR-d mRNA expression when compared to controls in some cases, but 
combined treatment did not elicit a stronger response than either stressor alone. TBT, hypoxia, or 
the combined stressors could be interacting with the PPAR/RXR heterodimer, but additional 
studies are needed to understand the role and mechanisms of nuclear receptors in the stress 
response of aquatic invertebrates.  
Clearance rates and oxygen consumption rates are critical to metabolism and reflect feeding, 
filtration, and respiration capabilities of oysters, which are crucial to their own survival and to 
the functional role of oyster reefs in water quality improvement (Casas et al., 2018). In the 
present study, both clearance rates and oxygen consumption rates were variable and somewhat 
inconclusive in regard to their response to either hypoxia or TBT exposure. In contrast, hypoxic 
conditions have been shown to decrease clearance rates in oysters (Moullac et al., 2007). Under 
cyclic hypoxic conditions, clearance rates of Peruvian oysters (Argopecten purpuratus) 
decreased abruptly, returned to control rates following three hours of exposure to severe hypoxia, 
then gradually decreased throughout further exposure (Aguirre-Velarde, et al., 2018). In the field 
experiment, there were no significant differences between clearance rates of oysters sampled 
before or during the hypoxic event. Likewise, in the laboratory exposure, there were no 
significant differences in clearance rates between treatments on any given day of exposure, 
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although there were significant overall differences between early and late sampling days (Fig. 
8B, Table 4), generally increasing over time. Interestingly, these results are inconsistent with 
findings in the literature, but could suggest that oysters acclimated to their conditions after 
several days of exposure. Overall, the mean clearance rates of all oysters in the laboratory 
experiment (0.67 L/hr) are similar to those of C. virginica reported in previous studies (0.43-1.21 
L/hr) (Grizzle et al., 2008; McFarland et al., 2013). Oxygen consumption rates in oysters from 
the laboratory were higher in the hypoxia and combined hypoxia+TBT treatments relative to 
controls after 12 days of exposure (Fig. 8C). Oysters exposed to hypoxic conditions have been 
previously reported to experience a decline in oxygen consumption rates (Moullac et al., 2007). 
In this study, it is possible that experimental conditions could have caused the increased oxygen 
consumption in oysters exposed to hypoxic conditions. Because oxygen consumption rates were 
measured in chambers that were saturated with oxygen in order to measure a decline in dissolved 
O2 and not in situ, it is possible that the oxygenated water may have stimulated oysters to respire 
more rapidly. There is little known about the effects of TBT on either clearance or oxygen 
consumption rates in invertebrates. However, despite their exposure to hypoxia, TBT, and a 
combination of these stressors for up to 12 days, experimental oysters were able to maintain 
critical physiological functions of respiration and feeding.  
The results of the present study suggest that critical physiological functions of adult 
oysters, such as clearance rates and oxygen consumption, were surprisingly resistant to up to 12 
days of exposure to hypoxia and/or TBT. However, the effects of these stressors at a molecular 
level could be more indicative of acute stress responses in estuarine invertebrates that may be 
relatively resilient to exposures to multiple stressors. In the natural environment, hypoxic events 
can last for weeks or months and contaminated sediments can slowly release legacy 
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contaminants, such as TBT, over long periods of time. The relatively short duration of my 
laboratory exposure and the use of adult oysters may have reduced the likelihood of observing 
dramatic effects of the stressors used in the present study. For example, juvenile and larval life 
stages are more sensitive to stressors than are adult oysters (Shumway, 1996; His et al., 1999; 
Gamain et al., 2016). Whereas adult oysters can withstand anoxia for up to 28 days (Stickle et 
al., 1989), exposure to anoxia and hypoxia has detrimental effects on larval settlement (Baker & 
Mann, 1992) and juvenile oysters exposed to severe diel cycling of hypoxia and pH experienced 
reduced growth (Keppel et al., 2016), which could negatively impact ecological functions, such 
as water filtration and resistance to predation. Spawning and larval recruitment are crucial to the 
maintenance and growth of oyster reefs, and oysters from metal-contaminated sites exhibit lower 
fecundity and reduced larval growth (Weng & Wang, 2017). TBT is particularly toxic to early 
life history stages of oysters (His et al., 1999), and has the potential to affect the success of 
nearshore oyster populations. During this experiment, stressors in combination induced changes 
in mRNA expression when compared to the exposure of stressors alone, but important 
physiological functions, including feeding and respiration, were relatively unaffected. On the 
other hand, indicators of immune suppression were adversely impacted by exposure to hypoxia.  
 
4.2 2019 FIELD DEPLOYMENT 
The Mississippi Sound is usually a well-mixed estuary with various natural freshwater 
inputs, salinities ranging from 20 to 25 ppt in open areas, and fringed with brackish salt marshes 
(Haller et al., 2019) . In the spring and summer of 2019, the Bonnet Carré Spillway was opened 
twice to relieve flooding pressure from the areas surrounding the lower Mississippi River 
system: 27 February to 11 April (44 days) and 10 May to 27 July (77 days) (US Army Corps of 
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Engineers, New Orleans District, 2019). These openings made history, as this was the first time 
that the BCS was opened twice in one year, as well as the first time that the spillway was opened 
in two consecutive years. The 2019 openings of the BCS have been detrimental to marine 
habitats of the Mississippi Gulf coast, causing the declaration of an Unusual Mortality Event of 
dolphins (NOAA Fisheries, 2019), harmful algal blooms that are a risk to human health both 
through recreational and seafood consumption exposure (Mississippi Department of 
Environmental Quality, 2019), and local testimonies of decimated oyster populations (e.g., Lee, 
2019; Spraggins, 2019). We deployed oyster sensor platforms at six sites in the Mississippi 
Sound starting on 23 April (12 days after the first closing of the BCS), with a final retrieval of 
sensors on 27 September 2019 (two months after the second closing). During that time, we 
recorded mortality of oysters deployed in our platforms, water quality (dissolved oxygen, 
salinity, pH, and temperature), and mortality of native oyster reef populations.  
Oysters deployed in sensor platforms experienced 100% mortality by 13 days of 
deployment (T-1, 25 days after the first closing of the BCS) at Back Bay St. Louis, TNC Bay St. 
Louis Reef, St. Stanislaus Reef, and Waveland Reef (site closest to the BCS) (Table 6). At T-1, 
salinities at those sites were all below 1 ppt (Table 5). Oysters deployed in platforms at 
Henderson Point Reef experienced 62.5% mortality, and 30% mortality was recorded at 
Kittiwake Reef (the two sites farther away from the BCS) at T-1, where salinities measured 
above 1 ppt but less than 3 ppt (Table 5). The only oysters that remained in sensor platforms by 
T-2 (14 days after the second opening of the BCS) were at Kittiwake Reef because all remaining 
live oysters from the Henderson Point Reef were harvested at T-1 for another study. However, at 
T-2 at Kittiwake Reef, only 12 live oysters total remaining between two platforms (Table 6) at a 
salinity of 0.48 ppt (Table 5). It could be argued that after 31 days of deployment in extremely 
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low salinity conditions, oysters may be more resilient at Kittiwake Reef, although as the site 
farthest away from the BCS, salinity was low for a shorter duration than at other sites.  
Interestingly, there were no live native oysters found by dredging at Kittiwake Reef at T-
2. This could be a function of dredging the incorrect areas of the reef, but dredging was spread 
out to try and cover most of each reef area. The greatest number of live native oysters at T-2 was 
at Henderson Point Reef, where nearly 80 live adults and > 200 live spat were collected in 
dredges. We did the greatest number of dredge pulls (n=6) at this site due to its large size, but 
when standardized by area, the live oyster population was still greatest at this site, with St. 
Stanislaus Reef having the second highest density of both adults and spat. Because of the 
harmful algal blooms and water contact warnings issued for the Mississippi Gulf coast from July 
2019 through the summer, we were unable to return to our sites until 27 September 2019 (T-3), 
two months following the second closing of the BCS. Dredging efforts at that time yielded no 
live oysters, adults or spat, at any of the five reef sites.  
Spring and summer are typically the ideal times of the year for Eastern oyster 
recruitment, with temperatures ³ 25°C and salinities ranging between 10-30 ppt (Dekshenieks et 
al., 1993). However, warmer temperatures, combined with low salinity, can be lethal to oyster 
populations. Extended periods of low salinity (< 5 ppt) during warmer summer months (> 25°C) 
has caused significant negative impacts on oyster spawning, settlement, growth, and survival in 
the Northern GoM (La Peyre et al., 2013). In the same study, La Peyre et al. (2013) found that in 
the spring and early summer (temperatures < 25°C), low salinity conditions still negatively 
affected recruitment, while morality and growth were less impacted. Oysters are usually resilient 
in the face of a wide range of salinities due to their ability to osmoconform or to close their 
valves during stressful salinity changing events. During times when low salinity did not coinside 
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with high temperatures, oysters were able to decrease their osmolarities; when low salinity was 
combined with high temperatures, the oysters closed their valves to minimize energy expenditure 
(La Peyre et al., 2013). Extended periods of valve closure could result in low survival either from 
hypoxia and acidosis of the hemolymph or starvation (La Peyre et al., 2013; Lavaud et al., 2017). 
Temperatures during the span of our monitoring dates ranged between 24 and 29°C (Table 5), 
suggesting that the high mortality suffered by native oyster populations could have been due to 
the combination of extremely low salinity and warm temperatures, also suggesting that oysters 
were unlikely to spawn. Spawning and settlement is critical to ensuring the longevity and success 
of native oyster populations, and consequences of limited recruitment could affect the future 
availability of hard substrate for larval oysters to settle on, and ultimately the availability of 
market-sized oysters for harvest and reproduction (Supan & Wilson, 2001; Powell et al., 2009). 
The general trend of decline in oyster harvest in Mississippi during the last decade (Mississippi 
Department of Marine Resources, 2017) could be indicative of low recruitment success within 
reef populations.  
Low salinity and higher temperatures were not the only stressors that native oyster 
populations could have been exposed to during the spring and summer of 2019. While salt 
marshes usually have lower pH due to plant and microbial respiration, the normal pH of coastal 
waters is typically in the range of 7.4 to 9.6 (Marion et al., 2011; Haller et al., 2019). pH 
measured by an in situ water quality sensor at TNC Bay St. Louis Reef ranged consistently 
below 7.5 after 22 June 2019 (Fig. 13). Before this date, the sensor measured fluctuations 
between 7.0 and 8.5. The sudden drop in pH could be caused by biofouling inhibiting the proper 
functioning of the sensor; however, large fluctuations in pH can also be seen at some sites when 
measured by YSI on all monitoring dates (Table 5), confirming that low pH did occur at these 
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sites over the measurement period. Acidic conditions are expected to increase with future 
projections of carbon dioxide emissions under climate change. Hypoxic conditions were not 
measured by YSI at any of our monitoring dates (Table 5) but were captured by sensors at TNC 
Bay St. Louis Reef between June and September (Fig. 12B) and at Kittiwake Reef for brief 
periods in May (Fig. 17B). Due to the heavily fouled state of the sensors upon retrieval in late 
September, it could be that the drop in DO measured by the sensors was caused by biofouling of 
the sensor, however, temperature measured by sensors is comparable to those measured by YSI. 
Increased river discharge and wind-induced mixing of coastal water has actually been linked to 
smaller than predicted hypoxic zones in the northern GoM during summer months (Bianucci et 
al., 2018).  
Not only was there increased freshwater discharge into the Mississippi Sound due to the 
openings of the BCS, but wind-induced mixing was increased due to Hurricane Barry, which 
made landfall on the Mississippi Gulf Coast on 13 and 14 July 2019. An abrupt spike in salinity 
can be seen at this time in Fig. 11, with salinity quickly returning to extreme lows the following 
week. Hurricanes enhance erosion of coastlines and river basins, likely causing higher particulate 
and contaminant exposure to coastal areas (Bianucci et al., 2018). Hurricanes also have the 
potential to resuspend massive volumes of sediment into the water column, and may introduce 
legacy contaminants such as TBT from the sediment into the water column, where they may 
impact benthic organisms. With a changing climate and increasing anthropogenic management 
of freshwater systems into coastal areas, understanding the effects of freshwater influx on oysters 
of all life history stages will be critical to the management and sustainability of their populations. 
March 2018 through February 2019 was recorded as the wettest 12-month period in 124 years 
over the upper Midwestern United States (Frederick, 2019). Increased precipitation due to 
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climate change in the Midwest and upper Mississippi River valley will likely continue to cause 
frequent flooding and subsequent downstream diversion of freshwater into the Mississippi 
Sound. There is little hope for the native oyster populations of Mississippi unless management 
takes into account the impacts of climate change, multiple environmental stressors, and the 












CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
While oyster reefs can experience natural fluctuations in environmental conditions, such as 
dissolved oxygen, salinity, temperature, and pH, climate change will greatly alter the range of 
these conditions. As previously mentioned, the twelve months preceding February 2019 were 
recorded as the wettest period in 124 years over the upper Midwestern U.S. (Frederick, 2019). 
This extreme precipitation ultimately resulted in the historic 2019 openings of the BCS. 
Prediction models suggest that most of the globe will experience a 16-24% increase in heavy 
precipitation intensity by 2100 (Fischer et al., 2014). Therefore, the frequency of the BCS 
openings will probably increase as time goes on. Oyster reef management should heavily 
consider these freshwater events and base their restoration efforts at locations where oysters will 
be less impacted. This could mean moving aquaculture efforts further offshore to the barrier 
islands of Mississippi or leaving the restoration of natural populations to more western coastlines 
such as Louisiana and Texas that are “upstream” of the Mississippi River discharge into the Gulf 
of Mexico. Freshwater input can also add insult to the injury of acidification. The natural pH of 
freshwater is around 7.0-7.2, while seawater is generally 8.0-8.2, so large inputs of freshwater 
can cause a shift in pH. Mississippi River water almost certainly contributed to the acidic 
conditions that were recorded during the 2019 field study. However, the global average of 
surface ocean water has increased 28.8% in acidity from pre-industrial values and is projected to 
increase an additional 100-150% by 2100 (NOAA PM Pacific Marine Environmental Lab EL 
Carbon Program, 2019). Because oysters are calcifying organisms, the ability for their larvae to 
undergo metamorphosis, to grow as adults, and to maintain ion channel function could suffer 
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greatly under acidic conditions. Additionally, the effects of most environmental factors could be 
compounded by changes in temperature. The ten warmest years recorded in a 139-year record 
have all occurred since 2005 (NASA Global Climate Change, 2019). Without careful 
consideration of future conditions, oyster reef habitat could continue to diminish on the 
Mississippi Gulf Coast.  
In Mississippi, oysters have historically been able to bounce back from naturally occurring 
environmental stressors, but are less resilient to anthropogenic stressors. For example, oyster 
harvest numbers declined right after Hurricane Katrina in 2005, but returned to pre-storm levels 
in the following years. After the Deepwater Horizon Oil Spill in 2010, oyster harvest was halted 
due to the concern of oil contamination. Since then, harvests have remained < 80,000 sacks per 
year, much lower than pre-spill levels, and the threats of overharvesting and climate change are 
only increasing. Increased precipitation from the Midwest and upper Mississippi River Basin is 
likely to continue to put pressure on the levees protecting areas of Louisiana from flooding. 
Ultimately, Mississippi’s oyster populations could remain unsustainable for commercial 
harvesting without consideration of future freshwater intrusions from BCS openings and 
subsequent changes in management. While contaminants are definitely something to worry 
about, their effects are often exacerbated in the face of environmental stressors. Thus, while both 
are certainly important, management of oyster resources needs to take into account inevitable 
environmental stressors in addition to contaminant exposure.  
As with any study, there are a number of aspects that I wish could have gone differently. I 
only had one probe to measure oxygen consumption during the laboratory experiment which 
took an hour to measure with each oyster, so being able to measure multiple oysters 
simultaneously would have enabled me to increase my level of replication, possibly making a 
 71 
stronger case for physiological effects. During our field studies, some oyster sensor platforms 
were lost. The reasons remain unknown, although in one case a sensor platform appeared to have 
been caught in a boat propeller. We tried various techniques to prevent curious sea-goers from 
disturbing the platforms, including the use of timed buoy releases and inconspicuous crab buoys, 
with the latter working almost just as well as the former. Future studies of oyster reef health 
should take into account critical life stages, pollutants of growing concern, and other water 
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mRNA Expression of Heat Shock Protein 70 (HSP-70) in Oysters 
 
 
Figure 20. mRNA expression of HSP-70 from oysters sampled after different durations of 
exposure to hypoxia, TBT, or a combined hypoxia+TBT treatment. Bars represent means + SE 
(n = 4 tanks per treatment). Treatments were significantly different by 2-way ANOVA, and red 
letters represent significant differences between treatments overall (Tukey’s post-hoc test).  
 
Oysters were analyzed for mRNA expression of HSP-70 after 1, 2, 5, 8, and 12 days of 
exposure during the laboratory experiment. HSP-70 is a commonly used biomarker of stress in 
invertebrates. The combined treatment showed significantly different mRNA expression of HSP-
70 overall when compared to all other treatments (2-way ANOVA, p = 0.001), although there 
was no effect of day or interaction (p > 0.05). While the results of mRNA expression support my 
original hypothesis that combined stressors would cause more elevated stress than either stressor 
alone, these data were not included in the main part of my thesis because I realized that I should 
have measured HSP-70 using a protein measurement assay such as ELISA (enzyme-linked 
immunosorbent assay) to quantify the protein more accurately, as opposed to measurement of 













mRNA Expression of Crassostrea virginica Metallothionein 1 (CvMT-1) in Oysters 
 
 
Figure 21. mRNA expression of CvMT-1 from oysters sampled after different durations of 
exposure to hypoxia, TBT, or a combined hypoxia+TBT treatment. Bars represent means + SE 
(n = 4 tanks per treatment).  
 
 Oysters were analyzed for mRNA expression of CvMT-1 after 1, 2, 5, 8, and 12 days of 
exposure to stressors during the laboratory experiment. Metallothionein is a protein involved in 
the regulation of essential metals and in detoxification of heavy metals. It also protects against 
oxidative stress. I analyzed its mRNA expression in the laboratory experiment to assess its 
regulation under exposure to TBT. I had hypothesized that it would be up-regulated in the 
presence of the TBT. The results of mRNA expression did not support my hypothesis. Although 
there was no statistical significance (2-way ANOVA, p>0.05 for Day, Treatment, and 
interaction), the results could be ecologically significant. For example, this was a twelve-day 
exposure, whereas TBT can reside in sediments for years, depending on environmental 
conditions. Induction of metallothionein may require a longer exposure, and dose could be a 
factor as well. Expression was also extremely variable between individuals. Similar to my 
decision not to include the HSP-70 data, I did not include these data in my results because I 
believe that I would have gotten more accurate data if I had measured the protein itself using an 
immunochemical method such as ELISA, rather than the mRNA. In addition, there are many 
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metallothionein genes with specificities for different metals and there were no reports in the 
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